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The authors report a two-stage epitaxial lateral overgrowth 共ELO兲 method to get uniformly
coalesced 共112̄0兲 a-plane GaN using metal organic chemical vapor deposition by employing a
relatively lower growth temperature in the first stage followed by conditions leading to enhanced
lateral growth in the second. Using a two-stage ELO method the average Ga-polar to N-polar wing
growth rate ratio has been reduced from 4–6 to 1.5–2, which consequently reduced the height
difference between the two approaching wings at the coalescence front that resulted from the wing
tilt 共0.44° for Ga and 0.37° for N wings, measured by x-ray diffraction兲, thereby making their
coalescence much easier. Transmission electron microscopy showed that the threading dislocation
density in the wing areas was 1.0⫻ 108 cm−2, more than two orders of magnitude lower than that in
the window areas 共4.2⫻ 1010 cm−2兲. However, high density of basal stacking faults of 1.2
⫻ 104 cm−1 was still present in the wing areas as compared to c-plane GaN where they are rarely
observed away from the substrate. Atomic force microscopy and photoluminescence measurements
on the coalesced ELO a-plane GaN sample also indicated improved material quality. © 2006
American Institute of Physics. 关DOI: 10.1063/1.2423328兴
In c-axis-oriented hexagonal GaN system, the spontaneous and strain-induced piezoelectric polarizations produce
strong electric fields that cause spatial separation of electrons
and holes in quantum wells that are used for active regions in
light emitters. Such a separation increases the recombination
time1 at the expense of the quantum efficiency2 and also
results in a redshift of the emission, the amount of which
depends on the injected carrier density and the intentional
doping due to screening. In short, additional constraints are
placed on the design rules in an effort to deal with
polarization-induced field. One approach to overcome this
problem is to employ nonpolar a-plane hexagonal GaN,
which can be grown on r-plane sapphire by, e.g., using
metal organic chemical vapor deposition 共MOCVD兲.3–5 Investigations on a-plane AlGaN / GaN quantum wells6–9 and
light emitting diodes10 have confirmed the absence of
polarization-induced electric field. In order to realize highperformance nitride devices, epitaxial lateral overgrowth
共ELO兲 by MOCVD could be used to reduce the density of
threading dislocations 共TDs兲 in a-plane GaN.11,12 However,
one cannot overlook the wing tilt, which has been shown to
introduce some complexity at the coalescence boundaries
even for c-plane GaN ELO.13 In this letter, we report on the
structural and optical characterization of a-plane GaN ELO
samples grown by a two-stage MOCVD method to address
the coalescence issue introduced by wing tilt.
The 共112̄0兲 a-plane GaN films were grown on 共11̄02兲
r-plane sapphire substrates.5 A 1.5 m thick a-plane GaN
film with a low temperature GaN nucleation layer was used
as the ELO template. An approximately 100 nm thick SiO2
layer was grown on the a-plane GaN template by remote
a兲
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plasma enhanced chemical vapor deposition. Using conventional photolithography and buffer oxide etch, a striped mask
pattern was transferred to SiO2. The pattern consisted of
4 m wide open windows and 20 or 10 m wide SiO2
stripes that were oriented along the 关11̄00兴 direction of GaN
that would cause the lateral growth fronts to advance along
the c+ and c− directions. The patterned template was then
reloaded into the MOCVD chamber for overgrowth. Two
a-GaN ELO samples were investigated for this particular
study, samples A and B, grown with trimethylgallium and
NH3 flow rates of 157 mol/ min and 3000 SCCM 共sccm
denotes cubic centimeter per minute at STP兲, respectively.
Sample A was grown in a single stage at 1050 ° C for 3 h
while sample B was grown in two stages: at 1000 ° C for 2 h
in stage I and at 1050 ° C for 3 h in stage II. Each growth
experiment was carried out on templates containing 10 and
20 m wide SiO2 stripes placed side by side in the growth
chamber. The as-grown samples were characterized by scanning electron microscopy 共SEM兲, atomic force microscopy
共AFM兲, x-ray diffraction 共XRD兲, transmission electron microscopy 共TEM兲, and low temperature photoluminescence
共PL兲. For a better view of the overgrown layer dimensions,
the cross-sectional SEM measurements were performed on
the 20 m stripe samples, while the rest of the analysis was
focused on the 10 m stripe samples.
Figure 1共a兲 shows the plan-view SEM image of sample
A after 0.5 h of overgrowth, where the a-plane GaN stripes
were straight with 共0001兲 and 共0001̄兲 side walls and no other
facets were visible. The surface of sample A was fully coalesced after a total of 3 h of growth but with striations along
and steps perpendicular to the c axis 关see Fig. 1共b兲兴. As observed from the cross-sectional SEM image of Fig. 1共c兲,
wings with Ga polarity were four to six times wider than
those with N polarity, as also verified by TEM measure-
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FIG. 1. Plan-view SEM images for sample A after 共a兲 0.5 h and 共b兲 3.0 h of
growth. 共c兲 Cross-sectional SEM image for sample A after 3 h of growth. 共d兲
Cross-sectional SEM image for sample B after 2 h of growth at 1000 ° C. 共e兲
Plan-view and 共f兲 cross-sectional SEM images for sample B, after a total of
5 h of growth.

FIG. 2. 共Color online兲 XRD -scan rocking curve data for 共a兲 sample A and
共b兲 sample B with different  angles. The dashed lines in the figures correspond to the multiple Gaussian fits to the rocking curve data.

samples A and B, respectively. For  = 90° 共x-ray beam is
perpendicular to the mask stripes兲, however, samples A and
B exhibit two and three peaks, respectively, the order of
which is reversed for  = 270°. The strong peak observed for
sample A is from the Ga-polar wings according to the XRD
geometry used since the Ga-wing area is much larger than
that of the N wing and the window as verified by SEM
images discussed above. Therefore, the weak peak is assumed to be from the windows and/or N wings. The observed tilt angle of 0.86° is much larger than that obtained
from the LACBED 共0.25°兲. This variation may be attributed
to the local nature of the LACBED measurement, while
XRD provides a value averaged over a much larger area. In
the case of sample B, smaller XRD linewidths in Fig. 2共b兲
compared to that for sample A indicate improved crystalline
quality, and therefore, peaks from all three regions are distinguishable. The peak with the strongest intensity, shown in
Fig. 2共b兲, is again from the Ga-polar wings 共0.44° tilt兲, while
the central one is from the crystal plane in the windows, and
the third is from the N-polar wings 共0.37° tilt兲. AFM measurements on both samples 共not shown兲 showed elevated
meeting fronts 共⬃100 nm兲 after full coalescence due to the
1.05° miscut of the 共11̄02兲 r-plane sapphire towards its
关0001兴 c axis obtained from XRD analysis. This miscut,
which is larger than the tilt angles of both of the wings,
resulted in the tilt of the GaN a plane and upward slope of
the N wings with respect to the substrate surface, giving rise
to the elevation at the meeting fronts.
TEM studies indicated a reduction of the TD density
from 4.2⫻ 1010 cm−2 in the windows to 1.0⫻ 108 cm−2 in the

ments. From the Kikuchi lines using large angle convergent
beam electron diffraction 共LACBED兲, a tilt angle of 0.25°
and a twist 共0.09°兲 between the two opposing wings were
observed. As a consequence of the inherent wing tilt and
largely different growth rates of the opposing wings, a clear
height difference appears at the coalescence front. This
height difference causes a significant surface undulation in
a-plane GaN, in addition to defects, and is the origin of steps
observed in Fig. 1共b兲. In order to get uniform coalescence
and smooth overall surface, this height difference should be
decreased or even eliminated if possible by reducing the difference between the widths or growth rates of the two opposite wings.
Growth temperature is a highly effective parameter to
control the difference in the growth rates of the Ga and N
wings. Therefore, for sample B, a two-stage growth method
was employed where a 1000 ° C growth temperature was
used in stage I to favor vertical growth while maintaining a
relatively low lateral growth rate which is not drastically
different for the Ga and N fronts at this temperature. Figure
1共d兲 shows the sidewalls of a-GaN stripes after the stage I
growth. It is worth pointing out that a large portion of the
lateral growth was established with no coalescence during
stage I where the Ga- to N-polar wing width ratio is close to
1.5. In stage II, temperature was elevated to 1050 ° C to enhance the lateral growth for complete coalescence. Figures
1共e兲 and 1共f兲 show the plan-view and cross-sectional SEM
images, respectively, for sample B after full coalescence
共⬃15 m total thickness兲. The Ga-polar wing is only 1.5–2
times wider than the N-polar wing as opposed to 4–6 for the
single stage growth case. During stage II growth, with the
temperature elevated, the sidewalls became fairly vertical,
and after coalescence voids formed beneath the meeting
fronts due to the absence of reactive sources. These results
indicate that the attempts to suppress the uneven average
growth rates of Ga and N wings by enhancing the vertical
growth rate in the early stage of the growth were successful,
leading to reduced step height at the meeting fronts.
To determine the wing tilt angles, XRD rocking curve
measurements 共Philips X’Pert MRD兲 were carried out with
three different  angles, which are the angles of rotation
about the sample surface normal and defined as 0° when the
FIG. 3. Cross-sectional TEM images showing 共a兲 the window and wing
projection of incident x-ray beam is parallel to the SiO2 mask
regions, and 共b兲 the meeting front between Ga and N wings for sample A.
stripes. As shown in Fig. 2, for  = 0°, only one diffraction
共c兲 Cross-sectional TEM image for sample B. 共d兲 4 ⫻ 4 m2 AFM image
peak from the a plane of GaN can be observed, with full
near
boundary of sample B, showing different
surface to IP:
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the Ga- to N-wing width ratio and the wing height difference
wings for sample A, which is clearly evidenced in Fig. 3共a兲.
However, a relatively high density of basal stacking faults
at the coalescence fronts have been reduced, resulting in a
共BSFs兲, 1.2⫻ 104 cm−1, was still observed in the wing areas
relatively flat fully coalesced surface. TEM studies indicated
compared to 1.3⫻ 106 cm−1 in the windows, which is not
formation of a new boundary on inclined prismatic plane and
surprising considering their low formation energy of BSFs
dislocations along the vertical growth direction at the coalesduring a-aplane GaN growth.14,15 It is more important to note
cence areas due to formation of step height between the two
that these stacking faults propagate to the sample surface,
wings. In spite of this, the threading dislocation density was
and therefore, may intersect any active area of the device
reduced from 4.2⫻ 1010 cm−2 in the window regions to 1.0
grown on such layers, while in the case of c-plane GaN
⫻ 108 cm−2 in the wing regions, which still had a relatively
16
growth BSFs are formed only close to the substrate and are
high basal stacking fault density of 1.2⫻ 104 cm−1. The imrarely observed in the upper parts of the layers.17 As shown
provement in the overgrown layer quality by ELO was also
in Fig. 3共b兲 dislocations were also found at the meeting
verified by AFM, which showed reduced surface pit density
fronts, as in the case of c-plane ELO.18 Sample B also
in the wings, and by PL in terms of increased intensity of the
showed almost two orders of magnitude reduction of disloband edge emission.
cations in the wings and generation of new dislocations at
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